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Characterizing the signal pattern of a four-cylinder diesel 
engine using acoustic emission and vibration analysis 
 
Tian Ran Lin 1 and Andy C. C. Tan 2 
Abstract: Condition monitoring of diesel engines can prevent unpredicted engine failures and 
the associated consequence. This paper presents an experimental study of the signal 
characteristics of a 4-cylinder diesel engine under various loading conditions. Acoustic emission, 
vibration and in-cylinder pressure signals were employed to study the effectiveness of these 
techniques for condition monitoring and identifying symptoms of incipient failures. An event 
driven synchronous averaging technique was employed to average the quasi-periodic diesel 
engine signal in the time domain to eliminate or minimize the effect of engine speed and 
amplitude variations on the analysis of condition monitoring signal. It was shown that acoustic 
emission (AE) is a better technique than vibration method for condition monitor of diesel engines 
due to its ability to produce high quality signals (i.e., excellent signal to noise ratio) in a noisy 
diesel engine environment. It was found that the peak amplitude of AE RMS signals correlating 
to the impact-like combustion related events decreases in general due to a more stable 
mechanical process of the engine as the loading increases. A small shift in the exhaust valve 
closing time was observed as the engine load increases which indicates a prolong combustion 
process in the cylinder (to produce more power). On the contrary, peak amplitudes of the AE 
RMS attributing to fuel injection increase as the loading increases. This can be explained by the 
increase fuel friction caused by the increase volume flow rate during the injection. Multiple AE 
pulses during the combustion process were identified in the study, which were generated by the 
piston rocking motion and the interaction between the piston and the cylinder wall. The piston 
rocking motion is caused by the non-uniform pressure distribution acting on the piston head as a 
result of the non-linear combustion process of the engine. The rocking motion ceased when the 
pressure in the cylinder chamber stabilized.  
Keywords:  Condition monitoring, Diesel engine, Acoustic emission, Vibration, In-cylinder 
pressure analysis 
INTRODUCTION 
Diesel engines are used to power ships, trucks and electricity power generators. Its reliability 
is critical in industrial applications such as in a submarine where an unpredicted engine 
breakdown can compromise an entire military mission. As a result, effective and reliable 
condition monitoring techniques are being sought to monitor diesel engine performance and for 
early fault detections. Typical condition monitoring techniques such as vibration analysis [1-4], 
oil and wear analysis [4-8], in-cylinder pressure analysis [9-11], instantaneous crank angular 
speed analysis [12-15] are widely employed for diesel engine monitoring. Most recently, 
acoustic emission technique which operates in a frequency range well above 20kHz, has gained 
considerable attentions for condition monitoring of diesel engines [15-19] due to its non intrusive 
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character and its ability to acquire high quality signals (higher signal to noise ratio) in a noisy 
diesel engine operating environment.  
Several techniques including their effectiveness in diesel engine condition monitoring are 
investigated in this experimental study in the search of an optimum technique to be employed in 
industry diesel engine condition monitoring applications. In general, oil analysis can provide an 
indication of the degree of a worn mechanical component inside an engine. The technique is 
often employed to detect wear-related problems of a diesel engine. In-cylinder pressure 
technique is commonly used to monitor the engine combustion performance and the related 
faults through the measurement of the pressure signal of a cylinder from the pressure sensor 
installed directly into the cylinder. However, applications of the technique are limited by the 
intrusive nature of the method which is often impractical in real industry applications. 
Instantaneous crank angular speed (IAS) analysis provides an alternative non-intrusive method 
for condition monitoring of diesel engine performance, combustion related fault detections [13] 
and shaft torsional vibration [14], in which the crank angular speed variation links directly to the 
total gas pressure torque produced by the engine combustion process. However, the performance 
of the technique varies between applications and the method is only effective when the number 
of cylinders is less than 8 [14]. By presenting the IAS waveform in a polar coordinate system, 
Charles et al [14] demonstrated that IAS waveform can be extended further to detect misfiring 
cylinders of relatively large multi-cylinder engines. 
Vibration analysis, on the other hand, is a classic, well-established condition monitoring 
technique which is often employed to monitor the overall performing of diesel engines and their 
auxiliary devices [1-4]. The main drawback of vibration technique is that it is only effective 
when the vibration signal generated by a developing fault of an engine is well above the 
background noise level. Thus, applications of the technique in diesel engine monitoring could be 
severely hindered by the relatively low vibration energy generated by incipient engine faults and 
the more dominant high energy noise and vibration from various mechanical events such as 
combustion, valve opening and closing and the auxiliary devices. Applications of acoustic 
emission (AE) for condition monitoring and fault detection of diesel engines have been studied 
by many researchers in the last two decades. For instance, AE has been successfully employed to 
detect exhaust valve leakage [20], fuel injection problem [21], combustion performance [22] and 
wear and scuffing caused by piston ring/cylinder liner interaction [23]. The successful 
applications of AE in diesel engine condition monitoring are largely due to the high frequency 
nature of the technique where ambient noise in the same frequency range as well as interference 
from signals generated by neighbouring cylinders are substantially attenuated by the distance 
these sources propagate to the location of the AE sensor of concern. AE was found to have 
higher signal-to-noise ratio than traditional vibration technique in diesel engine applications and 
is considered to be a more realistic condition monitoring technique in practical industrial 
applications [24, 25]. Nevertheless, AE also comes with inherited problems such as sensor 
calibration, non-linearity, data processing and interpretation.  
In this experimental investigation, condition monitoring techniques, other than the oil and 
wear analysis, discussed in the previous paragraphs are utilized for condition monitoring of a 
diesel engine in the laboratory to evaluate and differentiate the effectiveness of these techniques 
in engine condition monitoring at various operating conditions. The study will help in the 
selection of an optimum condition monitoring technique(s) for fault detection of diesel engines 
in practical applications. Results from IAS analysis are presented in a separate paper [26], while 
characteristics of acoustic emission and vibration signals of the diesel engine at various loading 
conditions from a baseline test are presented in this work. 
 508 
A detail description of the diesel engine test rig and the experimental setup for condition 
monitoring and fault simulation of the diesel engine is elaborated in Section 2. A brief discussion 
of the signal averaging technique used in the study is also presented in this section. Section 3 
discusses the signal characteristic of the condition monitoring data acquired by acoustic emission, 
vibration and in-cylinder pressure sensors from a baseline of a normal running engine at different 
loading conditions. The main findings from this experimental study are summarized in Section 4.  
A DESCRIPTION OF THE DIESEL ENGINE TEST RIG  
Simulating common diesel engine faults in a controlled manner under laboratory conditions, 
and characterizing the signal pattern associated with each fault at various engine loading 
conditions are critical for condition monitoring since diesel engine faults do not normally occur 
in a short timeframe. A GEP18-4 Olympian 4-stroke, 4-cylinder diesel engine generator set as 
shown in Fig. 1(a) is utilized to serve this purpose in the study. The diesel engine generates a 
nominal power output of about 15kW. A three-phase 15kW industrial fan heater as showed in 
Fig. 1(b) is connected to the generator set to absorb the power output generated by the diesel 
engine in the experiment. The fan heater has three heat settings, which can be adjusted for 
various engine loadings during the experiment.  
 
 
 
FIG. 1  Graphical illustration of the diesel engine test rig and condition monitoring sensors; 
(a) the engine test rig, and (b) the fan heater. 
The sensors used in this experimental work are four resonance type acoustic emission sensors 
(PAC Micro-30D), a (Kistler) high temperature pressure sensor and an (PCB) ICP piezoelectric 
accelerometer as shown in Fig. 1. A combined optical encoder and top dead centre (TDC) 
recording unit taken out from the electronic distributor of a Nissan Bluebird car is also installed 
onto the crankshaft next to the flywheel for instantaneous angular speed and torsional vibration 
measurements. Signals acquired by these sensors at the normal engine running condition under 
various loadings are analyzed for the signal characterization, and to establish the baseline 
information of the diesel engine. This baseline information would be utilized for fault detection 
in the fault simulation test of the diesel engine in a later stage, which results are to be reported in 
separate work. 
A graphical illustration of the engine firing orders and the measured valve timing is shown in 
Fig. 2. It is noted that the graph shown in Fig. 2 is for illustration purpose only which is not 
drawn to scale.  
(a) (b) 
Kistler high temperature 
pressure sensor 
ICP Accelerometer 
PAC Micro-30D AE sensors 
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FIG. 2  A graphical illustration of engine firing sequences and the measured valve timing 
of the 4-stroke, 4-cylinder cylinder diesel engine test rig. 
 
In Fig. 2, EVC denotes exhaust valve closing, EVO stands for exhaust valve opening, IVC 
represents inlet valve closing, IVO represents inlet valve opening and COMB denotes engine 
combustion.  
RESULT AND DISCUSSIONS 
In this section, signal characteristics of the diesel engine acquired by the sensors at normal 
engine running condition under various loadings are examined to establish the baseline 
information of the test rig. Fig. 3 shows the raw time waveforms for a complete engine cycle 
displayed in the crank angle domain, which are acquired by vibration, in-cylinder pressure, and 
acoustic emission sensors at or close to Cylinder 1 of the diesel engine at the unload condition. 
Also shown in the figure is the top dead centre (TDC) measured simultaneously by the encoder 
and TDC unit.  
 
 
 
 
 
 
 
 
 
 
 
 
              FIG. 3 Raw time waveforms measured by various condition monitoring sensors 
 
For a better understanding of the properties of these waveforms, major combustion related 
events of the diesel engine are plotted in conjunction with the condition monitoring signals in the 
figure. The synchronous plot of these major mechanical events of the diesel engine illustrates 
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that most of the major AE RMS peaks can be correlated to the combustion related events (i.e., 
combustion, valve opening and closing) of the diesel engine. It is worth to note that the valve 
timings in the synchronous mechanical event plot shown in Fig. 3 are shifted by three degrees to 
the left from the static measured values shown in Fig. 2, to account for the effect of engine speed 
variation and for a better matching between valve opening and closing events and the 
corresponding AE RMS peaks. 
Event driven synchronous averaging 
A critical step in analysing diesel engine condition monitoring data is the averaging of quasi-
periodic signals (due to engine speed variation) of diesel engines in the time domain. The 
averaging process is vital for an accurate interpretation of the data and the inherent 
characteristics. An event driven synchronous averaging technique is thus employed in this study 
to average the signals synchronously in the time domain. In doing so, the signal averaging 
process is linked directly to the major mechanical events of the engine at each engine cycle. Data 
padding is applied at time instances where there are little mechanical activities in the signal of 
shorter engine cycles to overcome the problem of averaging quasi-periodic data of different 
length in the time domain. Fig. 4 compares the raw and the synchronous averaged AE RMS 
signals for a complete engine cycle at engine unload condition. Fig. 5 shows the raw and 
synchronous averaged vibration signals of the same condition. It is shown that the synchronous 
averaging process has effectively removed the noise and randomness (i.e., abnormal peaks in the 
vibration signal) in the signals while preserves the useful information correlating to the major 
mechanical events of a diesel engine. The averaging process also minimizes the effect of 
amplitude variation which is critical in the frequency domain analysis and fault characterization 
of a diesel engine, which results are not shown in this paper.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Characteristics of condition monitoring signals at various engine loading conditions 
To improve the understanding of the loading effect on the signals, the averaged AE RMS at 
different engine loading conditions are compared and shown in Fig. 6. It is illustrated that there 
is a general amplitude decreasing trend for major AE RMS peaks as engine loading increases 
which indicates a more stable engine operating condition as the load increases. There is also a 
small time shift (a delay of a couple degrees) of the AE RMS peaks corresponding to the exhaust 
valve closing which implies a prolong engine combustion process as the loading increases. This 
observation is confirmed by the small delay of engine combustion pressure peak and an increase 
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area encompassed by the combustion pressure curve after the pressure as indicated by Fig. 7. The 
combination of increased combustion pressure peak and the increased area under the in-cylinder 
pressure curve indicates an increase gas pressure torque produced by the engine combustion and 
therefore an increased engine power output when the load increases.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 6 Averaged AE RMS signal at various engine loading conditions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 7 Averaged In-cylinder Pressure at various engine loading conditions 
Fig. 6 also shows that the peak amplitude of AE corresponding to the opening and closing of 
inlet valves decreases as the loading increases. Nevertheless, because the opening and closing of 
inlet valves are controlled by the cam mechanism, these peaks do not display a phase shift as the 
loading changes. In contrast to the decrease amplitude of the AE RMS peaks correlating to the 
impact like mechanical events, there is a notable amplitude increase of the AE RMS peaks 
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correlating to the fuel injection of each cylinder as engine loading increases. This is due to the 
increase volumetric flow rate during fuel injection which produces higher fluid friction energy 
and generates higher AE energy as engine loading increases.  
To have a better understanding of the time domain vibration signal, vibration RMS is also 
calculated in this study from the averaged vibration signal at various engine loading conditions 
as shown in Fig. 8. It is found that peaks corresponding to the valve opening and closing events 
of the engine are traceable in the calculated vibration RMS. However, peaks from the low 
frequency vibration components generated by moving mechanical parts of the diesel engine and 
auxiliary devices are also presented in the signal, which complicate the signal and made it less 
useful than the AE RMS signal for condition monitoring.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 FIG. 8 Averaged vibration RMS signals at various engine loading conditions 
The reason that the calculated vibration RMS is contaminated by low frequency vibration 
components from moving mechanical parts of the diesel engine but not the AE RMS signal is 
due to their respective operating frequency ranges. The AE sensor used in this experiment has a 
nominal operating frequency range between 150 kHz to 400 kHz. Therefore, the technique is 
able to detect the high frequency energy burst produced by the impact like mechanical events of 
the diesel engine and it is not affected by the low frequency vibration of the engine. On the 
contrary, most of industrial type accelerometers operate in the frequency range under 20 kHz, the 
vibration signal is susceptible to the interference from the dominant low frequency vibration 
components of rotating mechanical parts of the engine and its auxiliary devices. It is thus 
concluded that AE technique is a better condition monitoring method than vibration technique 
for diesel engines which is attributed to its ability to produce high quality signal (i.e., excellent 
signal to noise ratio) in a noisy diesel engine environment.  
Fig. 9 shows the raw time waveform of the acoustic emission signal measured on Cylinder 1 
of the engine at the unload condition and the short time Fourier transform of the signal. It is 
shown that the signals generated by most of the impact-like combustion related events are high 
frequency broadband signals. An interesting observation of the raw AE waveform is the periodic 
decaying pulses (as marked in Fig. 9(a)) during the combustion of Cylinder 1. The multiple AE 
pulses are produced by the piston rocking motion as a result of non-linear combustion process in 
the cylinder chamber. The non-linear combustion process produces un-even pressure distribution 
on the piston head which leads to piston rocking motions and the dry friction interaction between 
the piston and the cylinder wall (or liner).  
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FIG. 9  Acoustic emission measured on Cylinder 1 at the unload condition; 
(a) A small section of the raw AE signal; and (b) Spectrogram. 
CONCLUSIONS  
In this study, signal characteristics of a small 4-cylinder diesel engine at various engine 
loading conditions were investigated using acoustic emission, vibration and in-cylinder pressure 
techniques. An event driven synchronous averaging technique was employed to average the 
quasi periodic signal of a diesel engine in time domain. It was shown that the averaging 
technique can effectively eliminate the noise and randomness in the signals, thus enables a direct 
comparison of condition monitoring signals of diesel engines in the time domain, and to improve 
the understanding of signal characteristics of a diesel engine under various loadings. 
It was shown in the study that most peaks in AE RMS signals can be traced back and 
correlated to combustion related events (i.e., combustion, valve opening and closing) of the 
diesel engine. Comparison between the averaged AE RMS and vibration RMS signal at various 
engine loading condition revealed that AE is a better technique than vibration method for 
condition monitor of diesel engines due to its ability to produce high quality signals (i.e., 
excellent signal to noise ratio) in a noisy diesel engine environment.  
It was found that the peak amplitude of AE RMS signals correlating to the impact-like 
combustion related events decreases in general due to a more stable mechanical process of the 
engine as the loading increases. A small shift in the exhaust valve closing time was also observed 
as the engine load increases, which indicates a prolong combustion process in the cylinder (to 
produce more power). On the contrary, peak amplitudes of the AE RMS attributing to fuel 
injection increase as the engine loading increases. This can be explained by the increase fuel 
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friction caused by the increase volume flow rate during injection. Multiple AE pulses during the 
combustion process of a single cylinder were also identified in the study, which were generated 
by the piston rocking motion and the interaction between the piston and the cylinder wall. The 
piston rocking motion is caused by the non-uniform pressure distribution acting on the piston 
head as a result of the non-linear engine combustion process. The rocking motion ceased when 
the pressure in the cylinder chamber stabilized. 
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